Aiming at large-area phase-contrast x-ray imaging, a separated-type x-ray interferometer system was designed and developed to produce 25ϫ20 mm interference patterns. The skew-symmetric optical system was adopted because of the feasibility of alignment. The rotation between the separated crystal blocks was controlled within a drift of 0.06 nrad using a feedback positioning system. This interferometer generated a 25ϫ15 mm interference pattern with 0.07 nm synchrotron x-rays. A slice of a rabbit's kidney was observed, and its tubular structure could be revealed in a measured phase map.
I. INTRODUCTION
The phase-shift cross sections of light elements are much larger than the absorption cross sections in the hard x-ray energy region. Therefore, phase-contrast x-ray imaging enables the observation of biological soft tissues which are difficult to observe with conventional x-ray transmission imaging without using staining. The x-ray interferometer 1 is a powerful tool for phase-contrast x-ray imaging. Using monolithic x-ray interferometers, structures in a rat's cerebellum were revealed 2 and three-dimensional observations with phase-contrast x-ray computed tomography 3 were also demonstrated on normal and cancerous animal tissues. 4, 5 The high sensitivity to soft tissues of phase-contrast x-ray imaging motivates us to apply the technique to in vivo observation. However, the image size obtained with the monolithic x-ray interferometer was limited by the size of a silicon ingot from which the interferometer was cut out, and insufficient for in vivo observation. With our previous apparatus, samples larger than 5 mm could not be observed. Even if a large monolithic x-ray interferometer can be fabricated from the largest ingot of a perfect silicon crystal commercially available, the attainable size of the observation area is still geometrically estimated to be 3ϫ3 cm. To overcome this limitation, we studied the use of separated-type x-ray interferometers which consist of independent crystal blocks. But on the operation of a separated-type x-ray interferometer, the relative positions of the separated crystal blocks must be controlled within an accuracy of the order of the x-ray wavelength.
As for the skew-symmetric separated-type x-ray interferometer, however, the parallel displacement between the blocks does not affect interference and only two axes of rotation between the blocks need to be controlled. Therefore, the operation of this interferometer is comparatively easier than other possible separated-type interferometers.
This interferometer was first designed in order to lengthen the path of the interfering beam and it was successfully operated using an x-ray tube. 6 Because we are aiming at phase-contrast x-ray imaging, we need to develop a larger version of the separated-type x-ray interferometer and to use synchrotron radiation to perform imaging with practical exposure time. However, it was doubtfully whether such an interferometer can be operated at synchrotron facilities. Therefore, we fabricated a small skew-symmetric separatedtype x-ray interferometer and demonstrated its operation at the Photon Factory. 7 In this article, we will report a skew-symmetric separated-type x-ray interferometer system designed to produce larger 25ϫ20 mm interference patterns.
II. SKEW-SYMMETRIC SEPARATED-TYPE X-RAY INTERFEROMETER
The skew-symmetric separated-type x-ray interferometer consists of the two crystal blocks carrying two wafers as shown in Fig. 1 . The incident x-rays are separated into two coherent beams by the wafer S of the first crystal block. These beams are then reflected by the wafers M1 and M2, respectively, and recombined at wafer A of the second crystal block. As mentioned, the relative parallel displacement between the blocks does not affect interference. Therefore, only the and rotation axes between the blocks are required to be controlled to generate an interference pattern.
When the axis rotation is detuned, a fringe pattern corresponding to a rotation Moiré pattern appears. The spacing ⌳ of the fringes is given by
where , L, x, and B are the wavelength of x-rays, the distance from the source to the image sensor, the beam path length between the wafers on each blocks, and the Bragg diffraction angle, respectively. 5 Figure 2 shows ⌳ as a function of ⌬ calculated using our experimental conditions: ϭ0.07 nm, Lϭ20 m, xϭ64 mm, and B ϭ10.5°͓the designed image size is 25ϫ20 mm for 0.07 nm x-rays with Si͑220͒ diffraction͔. The axis for rotation should be tuned so that ⌳ is much larger than the spatial resolution of an x-ray image sensor. For example, to achieve ⌳ϭ1 mm, axis must be controlled with a resolution better than 60 rad.
When the axis rotation is detuned, the relative position of lattice planes of M2 and A is changed. This change causes a phase difference ⌬⌽ between interfering beams. Becker and Bonse showed the relation
where d is the lattice plane spacing and t is the thickness of the wafers. 5 If the ⌬⌽ exceeds 2 during the measurements, interference fringes are smeared out. In our experimental conditions ͑tϭ1 mm and dϭ0.192 nm͒, ⌬ϭ3 nrad corresponds to the phase difference of 2. Thus, axis should be controlled at the accuracy of nrad in order to operate this interferometer.
III. APPARATUS A. Mechanical positioning system
The mechanical positioning system for the interferometer is required to have high accuracy and high rigidity, as described above. Therefore, it is desirable that this positioning system consists of horizontal rotary positioners to avoid the deformation of the components by gravity. Therefore, the positioning system was assembled as shown in Fig. 3 . This system consisted of three rotating tables. The relative position between the separated crystal blocks was controlled by the S2 and the tilt tables. The S1 table carrying the S2 and the tilt tables was used to adjust the incident angle of x-rays to the Bragg diffraction angle. In order to avoid mechanical vibration of the tables, the sleeve bearing with polytetrafluoroethylene ͑PTFE͒ sheets was used for the S1 and the S2 tables. Every components of the system was made of aluminum. Figure 4 shows a picture of this stage.
The S1 table consisted of a coarse adjustment mechanism using a stepping motor and a fine adjustment mechanism using a laminated piezoelectric actuator which expanded 15 m at 100 V. The voltage source to the piezoelectric actuator supplied 0-100 V with a resolution of 0.1 mV. The lever length of S1 table was 220 mm, and therefore the positioning resolution was 0.06 nrad which was sufficient for setting the interferometer to the Bragg diffraction angle against the incident x-rays.
Both the S2 and the tilt table consisted of a manual adjustment mechanism using a micrometer and a fine adjustment mechanism using a laminated piezoelectric actuator which expanded 6.5 m at 100 V. The voltage source to the piezoelectric actuator of the S2 table supplied 0-100 V with a resolution of 0.1 mV. The lever length of the S2 table was 100 mm, and therefore the positioning resolution was 0.065 nrad. This resolution corresponds to the phase difference ⌬⌽ϭ/25 and is sufficient for measuring phase-contrast images. The voltage source to the piezoelectric actuator of the tilt table supplied 0-100 V with a resolution of 1 V. The lever length of the tilt table was 80 mm, and therefore the positioning resolution was 0.8 rad.
This system was covered with a hood ͑see Fig. 4͒ in order to reduce the sound pressure around the crystal blocks and the deformation of the crystal blocks which is caused by air flow around the interferometer. Moreover, this system was screwed onto a stone base.
B. Requirement to beamline optics
It is also necessary to create a wide x-ray beam introduced to the interferometer. Because the beam paths are formed in a horizontal plane, asymmetrical diffraction is available to expand the beam size to the horizontal direction. However, to expand the beam in the vertical direction using asymmetrical diffraction is not suitable because the x-ray intensity is remarkably reduced after x-rays have passed through the x-ray interferometer. Therefore, we installed the apparatus in the BL-14B at the Photon Factory where x-rays from a vertical wiggler were available. The vertical wiggler emits a fan beam in the vertical direction. Therefore, a large beam in the vertical direction ͑15 mm at BL-14B͒ is obtained without any optical devices. Figure 5 shows the fabrication process of the crystal blocks. At first, a block was cut out from a FZ silicon crystal ͓Fig. 5͑a͔͒. And one facet was mechanochemically polished to be used for prealignment explained later. Second, the block was cut into two and realigned as shown in Figs. 5͑b͒ and 5͑c͒. Then, a groove was made as shown in Fig. 5͑d͒ to make the spacing between the wafers of the blocks the same, because the visibility of interference fringes degrades if the spacing between the two crystal wafers is different from each other.
C. Fabrication of the x-ray interferometer

D. Feedback system
The drift in the S2 table causes undesirable phase difference ⌬⌽ as explained with Eq. ͑2͒. Furthermore, this drift is the dominant factor that disturbs interference. Therefore, in order to stabilize an interference pattern, the S2 table was controlled with a feedback system.
If the S2 table drifts, interference fringes move synchronously. Therefore, the drift can be detected by monitoring the intensity of x rays in a small section of an interference pattern. Hence, the movement of interference fringes can be reduced by changing the voltage applied to the piezoelectric actuator of the S2 table so that the monitored intensity is constant. Figure 6 shows a block diagram of this feedback system. The interference x-ray intensity X n was detected by a scintillation counter. The output voltage V n of the next iteration was calculated by a computer with
where is the time constant, V nϪ1 is current output voltage, G is the gain, and X 0 is the target intensity. The value of and G were determined experimentally. 
IV. RESULTS
A. Experimental setup Figure 7 shows the experimental setup at the BL-14B of the Photon Factory. The x-ray beam from the vertical wiggler was monochromatized by a Si͑111͒ double-crystal monochromator. In order to extend the horizontal size of the beam, we used an asymmetric crystal whose surface was inclined by 9.5°from the ͑110͒ plane. The incident beam size to the interferometer was 30 mm width and 15 mm height.
B. Feasibility of alignment
Because an interference pattern appears in the narrow angular range, it is important to align the blocks as parallel as possible in advance. The polished facets ͑Fig. 5͒ were used for this purpose as shown in Fig. 8 . Using an autocollimator, the and axes were preliminarily tuned so that the blocks were parallel to each other within an accuracy of 30 rad.
Next, we adjusted the incident angle of the x rays to the interferometer using the S1 table. When the Bragg diffraction condition was satisfied for the first block, the diffraction tail was already obtained from the second block because of the prealignment with the autocollimator. By tuning the axis further, the interferometer produced a 25ϫ15 mm interference pattern ͑Fig. 9͒. This interference pattern was detected with the x-ray sensing pickup tube. 8 The view area of this tube was 1ϫ1 cm, and therefore the entire pattern was observed with six exposures ͑2.1 s each͒. The fringes appeared in Fig. 9 were caused by the lattice strain of the crystal. The fringe visibility was 38% at the best position which was sufficient for phase contrast x-ray imaging as described later.
C. Performance test of the feedback system
Next, we investigated the performance of the feedback system using the same experimental set up. Figure 10 shows the interference x-ray intensity of a small area in the pattern and the voltage applied to the piezoelectric actuator of the S2 table. The sampling clock of this system was 4 Hz and was 1.5 s. The monitoring area size was 0.5ϫ0.5 mm which was smaller than the interference fringe spacing. To avoid saturation of the scintillation counter, an aluminum plate absorber was placed in front of the scintillation counter.
While the feedback system was off, the intensity oscillated because of the drift in . The amplitude of this oscillation was about 2250 counts. After starting the feedback control, the intensity was kept at about 3000 counts and the standard deviation was about 160 counts. FIG. 9 . Obtained 25ϫ15 mm interference pattern of 17.7 keV x rays. The fringes were caused by the lattice strain of the crystal. The fringe visibility was 38%. Horizontal stripes are due to the defects on the crystals of the double-crystal monochromator. 
